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Reactive oxygen speciesitochondria hydrolyze glycolytic ATP instead of producing respiratory ATP, has
been modeled. In highly glycolyzing HeLa cells, 30–50% of the population survived after inhibition of
respiration and uncoupling of oxidative phosphorylation for 2–4 days. The survival was accompanied by
selective elimination of mitochondria. This type of mitoptosis includes (i) ﬁssion of mitochondrial ﬁlaments,
(ii) clustering of the resulting roundish mitochondria in the perinuclear area, (iii) occlusion of mitochondrial
clusters by a membrane (formation of a “mitoptotic body”), (iv) decomposition of mitochondria inside this
body to small membrane vesicles, (v) protrusion of the body from the cell, and (vi) disruption of the body
boundary membrane. Autophagy was not involved in this mitoptotic program. Increased production of
reactive oxygen species (ROS) was necessary for execution of the program, since antioxidants prevent
mitoptosis and kill the cells treated with the mitochondrial poisons as if a ROS-linked mitoptosis serves for
protection of the cells under conditions of severe mitochondrial stress. It is suggested that exocytosis of
mitoptotic bodies may be involved in maturation of reticulocytes and lens ﬁber cells.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionIn an adult human being, mitochondria consume about 400 l of O2
and synthesize about 40 kg of ATP per day. It is easy to imagine the
catastrophic consequences of malfunctioning of oxidative phosphor-
ylation, which could result in massive production of damaging re-
active oxygen species (ROS) and futile hydrolysis of ATP by reversal
of the mitochondrial H+-ATP-synthase (Fig. 1). It has been suggested
that ROS-overproducing mitochondria commit suicide due to a ROS-
induced opening of the permeability transition pore (PTP) [1–4]. This
process was coined “mitoptosis” [2,3,5–7]. Selective autophagy of
mitochondria (“mitophagy”) after the PTP opening was described in
hepatocytes treated with glucagon [8,9]. A similar phenomenon was
observed when the apoptotic program was blocked in the late steps
with its inhibitors [10,11].
In this paper we describe a novel and apparently more robust
mechanism protecting the cell from damage caused by malfunction-
ing mitochondria. The mechanism consists of gathering of mitochon-
dria near the nucleus, separation of the formedmitochondrial clusters
from cytosol by membranes (formation of mitoptotic bodies), andical potential difference; ΔΨ,
-dinitrophenol; FCCP, triﬂuor-
onodansyl cadaverine; ROS,
re
lachev).
l rights reserved.release of these bodies from the cell. As an experimental model, we
studied highly glycolytic human cervical carcinoma cells (HeLa line).
Mitoptosis was induced by respiratory chain inhibitors (myxothiazol
or antimycin A) added together with uncouplers (FCCP or DNP) which
not only inhibit oxidative phosphorylation but also stimulate ROS
production and ATP hydrolysis in mitochondria (for a preliminary
communication, see [12]).
2. Materials and methods
2.1. Cell culture and transfections
HeLa cells were grown in Dulbecco's modiﬁed Eagle's medium (DMEM) supple-
mented with 10% fetal calf serum, 100 U/ml streptomycin, and 100 U/ml penicillin (all
from Gibco, USA). Cells were transfected with Mito-EYFP construct (Clontech, USA)
containing the jelly-ﬁsh yellow ﬂuorescent protein fused with the mitochondrial
localization signal of cytochrome c oxidase subunit VIII, using Lipofectamine 2000
(Invitrogen) according to the manufacturer's protocol. The transfected cells were
transferred to DMEM containing 500 μg/ml Geneticin (Invitrogen). In experiments on
mitoptosis, DMEMwas additionally supplementedwith uridine (50 μg/ml) and pyruvate
(100 μg/ml) as is usually done for cultivation of mitochondrial DNA-depleted cells (ρ0).
2.2. Visualization of mitochondria
Mitochondria in living cells were visualized with the mitochondria-speciﬁc dye
MitoTracker Green (Invitrogen). Autophagosomes were stained with monodansyl ca-
daverine (MDC, 0.05 mM for 10 min) at 37 °C. For immunostaining, cells were ﬁxed with
3.7% formaldehyde in PBS for 10 min, permeabilized with 0.5% Triton X-100 in PBS for
10 min, and incubated with antibodies against cytochrome c (6H2.B4, BD Biosciences) or
cytochrome c oxidase subunit I (Invitrogen). Cytoskeleton was stained with antibodies
against α-tubulin (DM-1A, Sigma) and with phalloidin-TRITC (actin ﬁlaments), and nuclei
Fig. 1. Energy conversion in a normal cell and in a cell under conditions of energy
catastrophewhenmitochondria hydrolyze (rather than synthesize) ATP and produce an
excess of ROS due to effects of a respiratory chain inhibitor and an uncoupler.
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Red (Chemicon) were used. The ﬁxed and stained cells were mounted in Vectashield
medium (Vector).
Cells labeled with ﬂuorescent dyes were observed with an Axiovert microscope
(Carl Zeiss) equipped with CCD digital camera (AxioCam HRm, Carl Zeiss with Axio-
Vision 3.1.2.1 software) and immersion oil plan-neoﬂuar 63×/1.4 objective or with a
confocal laser scanning inverted microscope (LSM 510, Carl Zeiss) equipped with two
simultaneously used lasers, i.e. a helium laser (excitation wavelength, 543 nm) and an
argon-neon laser (excitation wavelength 488 nm). Immersion oil plan-neoﬂuar 63×/1.4
and 100×/1.3 objectives were used.
2.3. Electron microscopy
For the electron microscopy studies, cells were ﬁxed with 3% glutaraldehyde in
phosphate buffer (pH 7.4) at 4 °C for 2 h and then ﬁxed with buffered 1% osmium
tetroxide for 1.5 h. The material was dehydrated in alcohol solutions with increasing
alcohol concentrations (70% alcohol was saturatedwith uranyl acetate). The samplewas
embedded into Epon-812 and slices were prepared using a Leicamicrotome. Slices were
stained with lead by the method of Reynolds. The resulting preparations were
investigated and photographed using an HU-11B electron microscope (Hitachi, Japan).Fig. 2. Decomposition of the mitochondrial network followed by clustering of mitochondria i
72 h (D, F). Untreated cells (A, E). Cells treated for 72 h and then incubated for 24 h withou
ﬂuorescence) and Hoechst 33342 (blue ﬂuorescence), respectively. Bar, 10 μm. It is seen that t
treatment with DNP and antimycin A (D). Cells with no MitoTracker Green staining appeare2.4. Scanning electron microscopy
Cells were ﬁxed for 30 min in 2.5% glutaraldehyde in Hank's balanced salts solution
(pH 7.2) without Ca2+ and Mg2+, post-ﬁxed for 15 min with 1% osmium tetroxide in a
0.1 M cacodylate buffer (pH 7.3), dehydrated in an acetone series, critical-point-dried
with liquid CO2 as a transitional ﬂuid in a Balzers apparatus, sputter-coated with gold-
palladium, and observed with a Hitachi-405A scanning electron microscope at 15 kV.
2.5. Measurements of ROS production
The cells treated withmitochondrial inhibitors for 45minwere loadedwith 5 μM5-
(and-6) chloromethyl-2,7-dichlorodihydroﬂuorescein diacetate (CM-DCF-DA, Molecu-
lar Probes) for 15 min at 37 °C. Fluorescence was analyzed using a Partec PAS-III ﬂow
cytometer (Partec GmbH) equipped with a 488 nm argon laser.
2.6. Western blots
Cells were washed twice with PBS and solubilized in SDS gel sample buffer (20 mM
dithiothreitol, 6% SDS,10% glycerol,10mMNaCl, and 0,25M Tris–HCl pH 6.8) and heated
for 5 min in boiling water. Samples were run in 12% SDS-PAGE and electroblotted onto
PVDF ﬁlters. These ﬁlters were probed with speciﬁc antibodies raised against HSP60
(R&D Systems), cytochrome c (BD Biosciences), COX (I) (Invitrogen), porin (a generous
gift from Dr. M. Vyssokikh, Moscow State University), and tubulin (Sigma). Peroxidase-
conjugated anti-mouse immunoglobulins (Sigma) were used as secondary antibodies.
The speciﬁc proteins were detected by the ECL Western blotting detection analysis
system (Amersham).
2.7. Chemicals
Unless stated otherwise, all reagents were from Sigma-Aldrich, St. Louis, MO.
3. Results
WhenHeLa cells were treated for 2–4 days with a respiratory chain
inhibitor and an uncoupler, a signiﬁcant (50–70%) fraction of the cells
died, but the rest of the population was viable without any signs of
apoptosis or necrosis. In these cells, the content of mitochondria was
found to be lowered very strongly. Disappearance of mitochondrian HeLa cells treated with DNP (0.4 mM) and antimycin A (2 μM) for 24 h (B), 48 h (C), and
t poisons (D, F). Mitochondria and nuclei were stained with MitoTracker Green (green
he mitochondrial cluster is close to the nucleus but does not enter it at a late stage of the
d (panel F, arrows).
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small spherical organelles [13–15] which then gather in the peri-
nuclear region (Fig. 2A–C). The mitochondrial clusters formed did not
enter the nucleus (Fig. 2D) as has been described in some apoptotic
cells [13,16].
In the late steps of the above process, mitochondrial content in 60–
70% of the surviving cells treated with antimycin A (an inhibitor of the
respiratory chain) andDNP (anuncoupler)was too low to be revealed by
MitoTracker Green. Some cells contained at the periphery large clusters
with concentrated MitoTracker Green-positive material. Under phase
contrast, these regions looked likehighly light refractingbodies (Fig. 2D).
A similar effect was seen with another pair of respiratory chain inhibi-
tor and uncoupler, i.e. myxothiazol and FCCP (Fig. 3). In these expe-
riments, we studied cells (i) stained with antibodies to cytochromeFig. 3. FCCP and myxothiazol-induced mitoptosis detected by staining with antibodies to cy
cells (A, C, D). Cells treated for 3 days with FCCP (10 μM) and myxothiazol (2 μM), then 1 day w
anti-tubulin antibodies (red ﬂuorescence, C, E) revealed unchanged actin ﬁlaments and micr
not reveal any signs of apoptotic condensation of chromatin (D, F). Bar, 10 μm. G, Western-
analyzed as described in Materials and methods. Tubulin was used as a loading control.c (an intermembrane mitochondrial protein, Fig. 3A, B), (ii) transfec-
ted with a ﬂuorescent protein targeted to the matrix by mitochondrial
address sequence of the cytochrome oxidase subunit VIII, (Fig. 3C, E),
(iii) with cytochrome oxidase subunit I antibodies (the inner mitochon-
drial membrane, Fig. 3D, F) or (iv) with antibodies to mitochondrial
porin (the outer mitochondrial membrane, not shown in ﬁgures). In all
cases, clusters of mitochondria were intensively stained.
The elimination of mitochondria was conﬁrmed when the content
of speciﬁc proteins from different mitochondrial compartments was
analyzed by Western blotting. In the myxothiazol-plus FCCP-treated
HeLa cells, the matrix protein (Hsp 60), proteins from the inner
membrane (cytochrome oxidase subunit I) and the intermembrane
space (cytochrome c) were strongly depleted (Fig. 3G). An exception
was with porin (a protein from the outer membrane), but it is knowntochrome c or cytochrome oxidase, or with Mito-EYFP (green ﬂuorescence). Untreated
ithout inhibitors (B, E, F, G). Staining with phalloidin-TRITC (red ﬂuorescence, A, B) and
otubular cytoskeleton, respectively. Staining with Hoechst 33342 (blue ﬂorescence) did
blot analysis of mitochondrial proteins in mitoptotic cells. Samples were prepared and
Fig. 4.Mitochondrial clusters do not colocalize with autophagosomes. Untreated cells (A). Cells treated for 4 days with FCCP (10 μM) and myxothiazol (2 μM) and then 1 day without
inhibitors (B). Staining with MitoTracker Green (green ﬂuorescence, mitochondria) and MDC (red ﬂuorescence, autophagosomes). Bar, 10 μm.
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membranes [17].
The cells with clustered or eliminated mitochondria did not show
any nuclear (condensed chromatin) or plasma membrane (blebbing)
signs of apoptosis (Figs. 2 and 3). Pan-caspase inhibitor zVAD-fmk did
not affect mitoptosis induced by the mitochondrial inhibitors. Both
microtubules and actin ﬁlaments appeared only slightly modiﬁed
during mitoptosis (Fig. 3). One might suggest that cytoskeleton plays
an active role in clustering of mitochondria as was shown in apoptotic
cells [18]. However, the inhibitors of microtubules (nocadazole) or
actin ﬁlaments (cytochalasin D) did not slow down the mitoptotic
events. Just the opposite, the inhibitors of microtubules accelerated
formation of mitochondrial clusters (not shown).Fig. 5. Electron microphotographs of an untreated cell (A) and a cell treated for 3 days with D
body (MB) is located near the nucleus (N) without contact with the outer cell membrane (C)
membrane (D). After fusion the content of the body can be released to the medium (E). BarThe possible relationship of the described mitochondrial clusters
and autophagosomes was studied. As seen in Fig. 4, the clusters did
not colocalize with autophagosomes stained with MDC. On the other
hand, the cellular content of autophagosomes and lysosomes was
increased after treatment with the mitochondrial inhibitors (not
shown). The possible role of autophagy in some steps of mitoptosis
cannot be excluded, but we failed to ﬁnd any indications of such a role
using electronmicroscopy (see below). The inhibitors of autophagy, 3-
methyladenine and wortmannin killed the cells when added together
with the mitochondrial inhibitors (not shown). This could be
explained by nonspeciﬁc toxicity of these compounds related to
inhibition of IP3-kinase. Another possibility is that autophagy was
necessary as a source of glycolytic substrates critical for survival of theNP (0.4 mM) and myxothiazol (2 μm) (B–E), then 1 day without inhibitors. A mitoptotic
. In another cell, a mitoptotic body ﬁled with spherical vesicles is fused with the plasma
, 1 μm (A, B), 0.5 μm (C–E) and 0.2 μm for the insert (D).
Fig. 6. Phase contrast, ﬂuorescence, and electron microscopic microphotographs of one and the same HeLa cell treated for 3 days with DNP (0.4 mM) and myxothiazol (2 μM), then
2 days without inhibitors. Mitochondria stained with MitoTracker Green (A, D). The arrow indicates a mitoptotic body protruding from the cell (A, B). The same body at higher
magniﬁcation (C). In the other cell (D), the arrow indicates mitoptotic body located between the nucleus and the cell border (E, F). Bars 10 μm (A, D), 0.2 μm (B, E) and 0.1 μm (C, F).
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effect of autophagy was described in cells defective in transport of
glucose due to depletion of growth factors [19].
Electron microscopy of ultrathin sections through the HeLa cells
treated with DNP and myxothiazol for 3 days conﬁrmed strong de-
crease in the mitochondrial content (Fig. 5). Not a single mitochon-
drionwas seen in certain sections (Fig. 5B). On the other hand, in some
sections large membrane-covered inclusion bodies ﬁlled with small
membrane vesicles (diameters, 50–200 nm) were seen near the nu-
cleus (Fig. 5C). When this body was fused with the outer membrane,
it seemed to be released to the extracellular medium in a process
resembling exocytosis (Fig. 5E, D).
In the next series of experiments, one and the same cell was
scrutinized using ﬂuorescence and electronmicroscopy. In Fig. 6A–C, a
MitoTracker Green-positive body was partially protruding from the
cell into the extracellular space. The body was not stained by Hoechst
33342, indicating the lack of nuclear material. Electron microscopy
conﬁrmed that the MitoTracker-positive body contained membrane
vesicles of mitochondrial origin. We suggest naming this a mitoptoticFig. 7. Phase contrast, ﬂuorescence, and scanning electron microscopy of a cell treated for
Mitochondria stained with MitoTracker Green (A, D). The mitoptotic body survived the pro
during preparation of a sample for electron microscopy (E, F). Bars 10 μm (A, D), 10 μm (B, Ebody. In some cells, such a body was located in large protrusions of the
plasmamembrane, which looked like an apoptotic “bleb”. In our case a
mechanism similar to apoptotic bleb formation could be used for
extrusion of mitochondrial clusters. In other cells (Fig. 6D–F), the
mitoptotic body was located in the cytosol between the nucleus and
the cell surface.
Results of combined phase contrast, ﬂuorescence, and scanning
electron microscopy studies are shown in Fig. 7. The scanning
of a mitoptotic body revealed that it is protruding from the cell
(Fig. 7A–C). In this experiment, the body survived the procedure
of preparation of the sample for scanning electron microscopy.
In other experiments (Fig. 7D–F), a major part of the body was
lost during this procedure, and a funnel (“crater”) appeared in the
place where the mitoptotic body was identiﬁed by ﬂuorescence
microscopy.
The data indicate that the kind of mitoptosis described above is a
complex program including speciﬁc intracellular signaling. As shown
in further experiments, an increased ROS production was critical for
this signaling. In fact, myxothiazol and DNP (Fig. 8A) as well as other3 days with FCCP (10 μM) and myxothiazol (2 μM), then for 1 day without inhibitors.
cedure for preparation of a sample for scanning electron microscopy (B, C) or was lost
) and 5 μm (C, F).
Fig. 8. ROS accumulation is critical for induction of mitoptosis. (A) Antioxidants kill the cells duringmitoptosis. Where indicated NAC (10mM) or Trolox (1mM)were added 1 h before
DNP (0.4 mM) and myxothiazol (2 μM). Viability of the cells was measured 1 or 3 days after treatment. The results of three independent experiments are presented. (B) Production of
ROS 1 h after addition of DNP (0.4 mM), myxothiazol (2 μM), or their combinationwas measured with CM-DCF ﬂuorescence. N-acetyl cysteine (NAC,10mM) was added 1 h before the
poisons. The distribution of untreated cells is shown as a black line in all histograms. The distribution of treated cells is shown in gray. A typical experiment of three is presented.
Fig. 9. Scheme illustrating two scenarios of mitoptosis: a mitoptotic body-mediated
extrusion of mitochondrial material from the cell after damage of the whole population
of mitochondria (I) and mitophagy of a small portion of mitochondria (II) that are
depolarized. Mitochondria could be extruded from the cell via “bleb”-like protrusions of
the plasma membrane (a) or via a atypical exocytosis (b).
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shown) strongly increased ROS level in HeLa cells, whereas each of
these poisons added alone was ineffective. This correlates with
inability of these agents to induce full-scale mitoptosis in the absence
of the partner. The antioxidant N-acetyl cysteine (NAC) and Trolox
prevented the long-term survival after treatment with an uncoupler
and a respiratory inhibitor (Fig. 8B). This observation indicated that
antioxidants blocked mitoptotic signaling and conﬁrmed the sugges-
tion that ROS were critical for mitoptosis, which, in fact, save the cell
when its mitochondria are malfunctioning.
4. Discussion
4.1. Phenomenology of a new type of mitoptosis; formation of the
mitoptotic body
We have investigated one of the most dramatic situations in cell
energetics when malfunctioning mitochondria produce excessive ROS
and catalyze hydrolysis of ATP instead of its synthesis (Fig. 1). We
modeled such an energy catastrophe by inhibiting the respiratory
chainwith speciﬁc inhibitors and discharging Δμ
_
H+ with protonophor-
ous uncouplers. Surprisingly, a signiﬁcant fraction (30–50%) of HeLa
cells survived after this treatment. A critical role in survival was played
by selective elimination of malfunctioning mitochondria (mitoptosis),
an event abolishing ROS production and preventing glycolytic ATP
from being hydrolyzed by activated mitochondrial ATPase.
Elimination of mitochondria is a complicated process that begins
with ﬁssion of mitochondrial ﬁlaments into small spherical organelles
(the “thread–grain transition”). This phenomenon has been described
in cells subjected to various stresses and has been suggested to be an
important event in the apoptotic program [13–15,20]. The molecular
mechanisms of the ﬁssion might be the same as during apoptosis.
During mitoptosis, fragmentation of mitochondria was followed by
clustering of mitochondria in the perinuclear region. In apoptotic cells
such a clustering depends on inactivation of kinesin and movement of
mitochondria along microtubules driven by dynein, which remains
active [18]. However, mitoptosis depended either on microtubules
or actin microﬁlaments. It remains possible that vimentin intermedi-
ate ﬁlaments are involved in the clustering [21]. The next steps of
mitoptosis were shown to be occlusion of the clusters by a membrane
824 K.G. Lyamzaev et al. / Biochimica et Biophysica Acta 1777 (2008) 817–825to form the mitoptotic body, decomposition of mitochondria inside
the body to vesicles of 50–200 nm diameter, protrusion of the mi-
toptotic body from the cell inside a “bleb” (Figs. 6A–C and 7), and its
opening into the extracellular medium (Fig. 5). The sequence of
mitoptotic events is depicted in Fig. 9.
4.2. Mitoptotic signaling
It should be stressed that mitoptotic events are a result of ope-
ration of a program which was completed even when an uncoupler
and a respiratory inhibitor were already washed out. The signal
actuating the mitoptotic program could be ATP depletion, block of
respiration, depolarization of mitochondrial membrane, overproduc-
tion of ROS, etc. It was shown earlier [22] that even transient (3 h)
lowering of the ATP level by factor of three in HeLa cells was followed
by massive apoptosis, while no signs of apoptosis accompanied
mitoptosis (Figs. 2 and 3). This is in agreement with the observation
that ATP content remained constant during 48 h of treatment with the
mitochondrial poisons. Moreover, ATP-hydrolyzing activity of mito-
chondria was found to be not obligatory for mitoptosis, since its
inhibition by oligomycin was without effect (not shown in ﬁgures).
Inhibition of respiration bymyxothiazol caused complete ﬁssion of the
mitochondrial reticulum, but no clustering was observed. The same
effect was induced by depolarization of mitochondriawith DNP. In the
both cases, washing out of the poisons resulted in restoration of the
mitochondrial reticulum. Another uncoupler, FCCP, induced some
clustering but this effect correlated with an increase of ROS (K. G.
Lyamzaev, unpublished). Neither uncoupler alone nor respiratory
inhibitor induced ROS formation, but combination of an uncoupler
and a respiratory inhibitor increased the level of ROS more than
threefold (Fig. 8A). Since this combination induced clustering of
mitochondria, formation of the mitoptotic bodies, and mitoptosis, it is
suggested that it is overproduction of ROS that triggers mitoptosis.
This suggestion explains the paradoxical effect of antioxidants, which
prevented both mitoptosis and long-term survival of the cells treated
with mitochondrial poisons (Fig. 8B).
4.3. Mitoptosis and mitophagy
The possible role of ROS is that they induce PTP opening. This could
be sufﬁcient to induce slow degradation of mitochondria due to
cessation of import of precursors of mitochondrial proteins. The
remains of these mitochondria could be consumed by autophago-
somes [4,9]. As shown by Lemasters and coworkers, induction of the
PTP opening in a fraction of mitochondria of glucagon-treated
hepatocytes resulted in selective autophagy (“mitophagy”) of depo-
larized mitochondria [8,9]. The PTP opening and autophagy was
suggested by Tolkovsky and coworkers to mediate complete elimina-
tion of mitochondria in cells where apoptosis was initiated and
interrupted downstream from mitochondria [10,11]. Apoptosis was
induced (i) in neurons deprived of nerve growth factor or (ii) in HeLa
cells treated with staurosporine. In the both cases apoptosis was
interrupted by a pan-caspase inhibitor Boc-Asp (O-methyl)-CH2F. The
cells survived for a week, but mitochondria were completely lost.
In the case of energy catastrophe modeled in the present stu-
dy, ROS level increased in the entire cell rather than in a single
mitochondrion, and the apoptotic program was not initiated. Survi-
val of the cell under these conditions was possible only if the slow
mechanism of clearance of rather rare malfunctioning mitochon-
dria, based on autophagy, was substituted by a faster one. It could
also start with ROS-induced PTP opening but followed by clustering,
occlusion, and expelling of almost all the mitochondria from the
cell. Autophagosomes and lysosomes were probably involved in the
intermediate steps of mitoptotic body formation, but in the ﬁnal
steps no autophagosomes containing remains of mitochondria were
observed (Figs. 5 and 6).4.4. Some other cases of mitochondrial clustering and elimination
Formation of themitoptotic body and its expulsion from the cell could
be compared with similar processes described earlier. In 1998, Kopito
and coauthors [23,24] described the aggresome, a perinuclear inclusion
composed of aggregates of misfolded or damaged proteins and protea-
somes. Later itwas found that the aggresomeusually containednumerous
mitochondria [25,26]. In contrastwith themitoptotic body, the aggresome
is formed due to dynein-dependent movement of the aggregates to the
microtubule organizing center, the centrosome [25,27–31]. The mechan-
ism of mitoptotic body formation did not depend on the movement
along microtubules and its driving force remained unknown, but the
ﬁnal destination of mitochondria in mitoptosis was also close to the
centrosome. In some cases we found the centrosome near the mitoptotic
body in ultrathin sections (not shown).
It seems possible that under conditions when proteasomes fail to
hydrolyze all themisfolded proteins, an aggresome could be separated
from the cytosol by a membrane and extruded from the cell. This is
exactly what happens to the Lewy bodies, a kind of aggresomes
appearing in neurons in Parkinson's disease. It was shown [32] that
aggregates of α-synuclein (a major protein of Lewy bodies) was
surrounded by a membrane and secreted from the cell via an unusual
endoplasmic reticulum/Golgi-independent exocytosis. One may spec-
ulate that exocytosis of a mitoptotic body might occur in the
same way. The other example of atypical exocytosis is formation of
multivesicular bodies (MVB) which originated from endosomes. MVB
were shown to accumulate small vesicles (exosomes) in their lumen
and to release these vesicles into the extracellular medium [33,34].
Exosomes do not contain mitochondrial membrane proteins [34,35],
but the mechanism of secretion of vesicular material entrapped inside
MVB and mitoptotic bodies might be similar. In the both cases, the
membrane of the body fuses with the plasma membrane and the
internal content appears outside. An alternative mechanism resem-
bles blebbing, where mitoptotic bodies covered with the plasma
membrane are extruded in away similar to apoptotic bodies (see Fig. 6
and scheme in Fig. 9).
In relation to the possible role of the described release of
mitochondrial material into the extracellular space, we may mention
that different anti-mitochondrial antibodies were shown to appear in
the blood of patients suffering from various diseases. Thus, syphilis
and myocarditis are accompanied by the appearance of antibodies
to cardiolipin and sarcosine dehydrogenase; primary biliary cirrhosis,
to α-ketoglutarate dehydrogenase, sulﬁte oxidase, and a protein of
the outer mitochondrial membrane; drug allergic disease and
some collagen disorders, to certain other proteins originating from
mitochondria [36]. Mitoptosis probably accompanies the cellular
pathologies related to these diseases.
It is an attractive possibility that exocytosis of mitochondria is
employed as a mechanism to eliminate mitochondria during matura-
tion of erythrocytes and lens ﬁbers, i.e. cell types containing no
mitochondria. There are numerous pieces of indirect evidence that
mitochondria are extruded from reticulocytes during maturation.
Unfortunately, in all these works electron microscopy was employed
as the only method [37–40] or, if it was combined with an in vivo
staining by a mitochondria-speciﬁc dye, the authors did not show one
and the same cell studied by these two methods [41,42]. As a result, it
is not clear whether the extruded membrane vesicles are really of
mitochondrial origin. This is why the general point of view until
recently suggested that mitochondria are eliminated by autophagy
[43–47]. However, in 2006 Matsui et al. reported that organelle
depletion in both reticulocytes and precursors of the lens ﬁber cells
occurred normally in autophagy-deﬁcient Atg5–/– mice [48].
Certainly, reticulocytes and precursors of the lens ﬁber cells are
exclusive examples of terminal differentiation. However, in any cell
certain mitochondria can become ROS overproducers and ATP
consumers due to mutation in its genome or local damage. In this
825K.G. Lyamzaev et al. / Biochimica et Biophysica Acta 1777 (2008) 817–825case, mitophagy should be used as a mitoptotic mechanism eliminat-
ing this single malfunctioning organelle. On the other hand, some
xenobiotics or prolonged hypoxiamay lead to ROS overproduction and
ATP hydrolysis in the entire mitochondrial population. In this case,
formation of the mitoptotic body and its extrusion looks like a more
efﬁcient mitoptotic mechanism (Fig. 9). Cells depleted of mitochon-
dria were described in autopsy samples of some rapidly growing solid
tumors [49]. It seems possible that due to mitoptosis these cells
acquired a selective advantage in the hypoxic tumor environment. As
to mitochondria escaping inclusion into the mitoptotic body, their
number appears to be too small to effectively compete with the ATP
consumers for glycolytic ATP and to produce large amounts of
damaging ROS. If the situation improves, the residual mitochondria
can proliferate to restore the mitochondrial population.
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